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1 Introduction

This contribution is a revision of [1] and considers issues regarding the multiplexing of SRS and PUCCH transmissions. Two are the main issues. The first is whether SRS and PUCCH transmissions from a UE need to be supported in the same sub-frame. The second is whether the SRS BW extents into the PUCCH BW (and the BW used for VoIP). 

2 Multiplexing SRS and PUCCH Transmissions
Any design for the SRS and PUCCH multiplexing should achieve the following objectives:
a) ensure robust system operation

b) optimize performance and complexity tradeoffs

c) result to minimum number of options and avoid redundant mandatory features and test cases (TR 25.913)
Obviously, no change in the PUCCH structure is necessary in sub-frames with no SRS transmission (there is no multiplexing – same as for the PUSCH). Moreover, the UEs are assumed to be informed through a broadcast channel of the sub-frames containing SRS transmission and, in case the SRS symbol can be selected among multiple symbols, of the symbol carrying the SRS transmission. This will enable UEs having dynamic PUSCH to not transmit in the SRS transmission symbol (avoid mutual interference) and perform the appropriate rate matching.

To maintain single-carrier, TDM applies between SRS and PUSCH. Clearly, if PUCCH and SRS transmissions from a UE are supported in the same sub-frame, TDM should again apply. Since the PUCCH consists of ACK/NAK and CQI signals which have different characteristics, the two should be separately considered. Moreover, since the ACK/NAK may be either due to dynamic PDSCH or due to persistent PDSCH scheduling, the two should also be separately considered. As the PUCCH transmissions of CQI and ACK/NAK from persistent PDSCH are periodic then, for the purposes of SRS multiplexing, the latter has more commonalities with the former rather than with the ACK/NAK due to dynamic PDSCH scheduling. Therefore, with respect to SRS multiplexing, the following two cases are considered:
a) multiplexing of SRS and ACK/NAK from dynamic PDSCH

b) multiplexing of SRS and ACK/NAK from persistent PDSCH or CQI

The first case is now considered. It has been recognized in several past contributions that if multiplexing of SRS and ACK/NAK from dynamic PDSCH is to be supported (same UE), the SRS should be transmitted in a symbol carrying ACK/NAK and not DM RS, mainly to avoid decreasing multiplexing capacity. An example is shown in Figure 1.

[image: image1]
Figure 1: No ACK/NAK Transmission in the first PUCCH Symbol due to SRS Multiplexing.

The following observations can be made for the ACK/NAK transmission structure of Figure 1:

a) ACK/NAK multiplexing capacity is not affected

b) Additional orthogonal covering is not introduced (ACK/NAK in first slot uses the same one as the RS)

c) ACK/NAK BER performance is degraded by 10*log10(8/7) or 0.58 dB
d) UEs do not drop SRS transmission

To determine the impact of puncturing one ACK/NAK symbol (0.58 dB loss), the ACK/NAK coverage for a desired BER target is the appropriate measure. Although numerous link level results have shown that 0.01% BER can be achieved for SINRs well below the 5% point of the geometry CDF, and therefore a loss of 0.58 dB has no meaningful impact, the coverage results in [2] are considered. ACK/NAK coverage can be guaranteed without repetitions for all E-UTRA system evaluation cases (including Case 3). In general, coverage will be affected only for the UEs which have SINR about 0.6 dB higher than the one for which an ACK/NAK repetition is needed. Therefore, puncturing of ACK/NAK symbols to guarantee undisturbed SRS transmission will have no effect for the vast majority of E-UTRA operating setups and will affect only a small percentage of UEs for the remaining setups. On the other hand, SRS transmission can be undisturbed to the benefit of all UEs in all E-UTRA setups, the associated system gains on UL throughput and proper TPC operation are always ensured and the corresponding reserved UL resources are not wasted.
SRS and PUCCH ACK/NAK (due to dynamic PDSCH) transmissions from a UE in the same sub-frame should be supported. SRS should be in a symbol assumed for ACK/NAK transmission which should be punctured when SRS is transmitted in the same sub-frame.

The second case is now examined (SRS multiplexing with CQI or with ACK/NAK from persistent PDSCH). The underlying assumption for having to puncture an ACK/NAK symbol, due to dynamic PDSCH scheduling, to guarantee SRS transmission is because the restrictions in dynamic PDSCH scheduling to avoid these transmissions in the same sub-frame are deemed impractical. However, this is not the case with the periodic transmissions of CQI and ACK/NAK from persistent PDSCH. UEs having persistent PDSCH transmissions may not even have an SRS [3] and then the whole issue is mute. In any case, the following considerations regarding the CQI transmission are directly applicable. 

As the SRS and PUCCH CQI transmissions are periodic (triggered-based CQI, if supported, will be transmitted through the PUSCH), it is a most trivial matter to guarantee that they do not coincide in the same sub-frame. The only case where this could not be avoided would be when either the SRS or the CQI need to be transmitted in every sub-frame (every 1 msec). This is however not needed as:

a) the overhead in not acceptable and much longer transmission periods are considered in fully loaded systems
b) any conceivable benefit will be for UE speeds outside the range for which E-UTRA is to be optimized

c) in relatively empty systems more frequent scheduling and additional BW can be assigned to UE transmissions

Conversely, avoiding CQI and SRS transmissions from a UE in the same sub-frame has the following benefits:
a) CQI BLER performance is not degraded

b) Additional CQI format(s) are not introduced (multiple ones will be obviously needed if ACK/NAK and CQI multiplexing is allowed)
c) Redundant mandatory features and test cases are not introduced

It should be noted that an additional CQI format will introduce different encoding and decoding operations which are not as simple to additionally support as the ones introduced by the additional dynamic ACK/NAK format which simply include an orthogonal (de)-covering operation that is already supported for the corresponding DM RS.
SRS and CQI transmissions from a UE in the same sub-frame should not be allowed. If applicable, SRS and ACK/NAK (due to persistent PDSCH scheduling) from a UE in the same sub-frame should also not be allowed.
3 SRS Transmission Bandwidth
The second main issue for the interaction of SRS transmission with other channels is now considered and concerns the SRS transmission BW. The main objectives of the SRS transmission are outlined below:

a) Allow frequency/time domain dependent scheduling for dynamic PUSCH

b) Provide SINR estimate for TPC of the dynamic PUSCH

c) Provide a mechanism to perform timing adjustments of UL transmissions

To best serve these objectives, the SRS SINR should be maximized while minimizing its overhead and maximizing its multiplexing capacity. As the SRS is intended to provide a mechanism to perform scheduling and link adaptation for the PUSCH, SRS transmission power is wasted and SRS SINR is degraded if the SRS transmission extents to BW outside the PUSCH BW. 
SRS multiplexing capacity is also affected as the larger the required SRS transmission BW, the smaller the multiplexing capacity or the larger the overhead for the same multiplexing capacity. A simple way to illustrate this is to consider an operating BW of 50 RBs BW, a SRS BW of 5 RBs, a dynamic PUSCH region of 25 RBs, and SRS BW hopping. It is obvious that without constraining the SRS BW only in the PUSCH BW, 50% of the SRS multiplexing capacity is wasted. Additionally, as for 50% of the SRS transmission instances the SRS BW will be outside the PUSCH BW, UL throughput losses will also occur. Clearly, this would be a particularly poor design.      

As important as the proper SRS functionality is the impact of extending the SRS BW outside the PUSCH BW on other UL channels such as the persistent PUSCH, the ACK/NAK due to persistent PDSCH, and the CQI. A possible partitioning of the UL operating BW to support the transmission of various channels is shown in Figure 2. As the SRS BW extents passed the PUSCH BW, it will first enter the BW used for ACK/NAK transmissions from dynamic PDSCH. In this case, as the ACK/NAK symbol is assumed to be punctured, the only loss is on the effective SRS SINR and multiplexing capacity. As the SRS BW extents further, it will begin entering into the BW allocated to signals associated with persistent scheduling and the BW allocated to the CQI. Then, the degradation will also include the performance of the respective signals in addition to further SRS SINR and multiplexing capacity losses.  

[image: image2]
Figure 2: Partitioning of the UL Operating BW among various Channels.
Obviously, the above losses must be avoided. However, in order to accomplish this, the UEs should know the BW used by the periodic UL transmissions (persistent scheduling and CQI) so that the SRS BW does not extent into at least this BW. Knowledge of the periodic UL transmissions BW is also needed for other purposes, such as for example to determine the first RB for the ACK/NAK transmissions associated with dynamic PDSCH scheduling. As this BW remains practically the same over tens of frame periods, its value can be informed to UEs by SU1 or another SU. 
Regarding the BW allocated to ACK/NAK transmissions due to dynamic PDSCH scheduling which may vary per sub-frame, it should be noted that possible variations depend on the system BW, exist only for the larger system BWs and even then, they are confined to only 1-2 RBs (at most on both operating BW sides). For the purposes of SRS transmission, the UEs can therefore assume the maximum possible BW for these ACK/NAK transmissions without any meaningful impact on the SRS operation. Then, sounding can be supported in a manner as described in [4] and without having to configure many SRS transmission BWs, if this is an issue. Also, although sub-optimal and not preferable, it is not highly detrimental to have the SRS BW extent into some or all of the RBs allocated to these ACK/NAK transmissions for the BW partitioning in Figure 2. 
4 Conclusions
This contribution considered the multiplexing of SRS and PUCCH transmissions and the SRS transmission BW. The following are suggested:
a) An ACK/NAK (from dynamic PDSCH scheduling) symbol is punctured when the SRS is transmitted during the same symbol. The SRS transmission is never aborted. The UEs are informed of the sub-frames containing SRS transmission, and of the SRS transmission symbol if multiple options exist, through an SU.
b) SRS and CQI (or ACK/NAK from persistent scheduling) transmissions from a UE in the same sub-frame should not be allowed.

c) The total SRS transmission BW is confined within the PUSCH BW. The UEs are informed through an SU of the BW allocated to periodic transmissions and, for the SRS transmission, can assume the maximum BW (for a given system BW) for the ACK/NAK transmissions from dynamic PDSCH scheduling. The SRS may not be transmitted in a few (edge) RBs of the PUSCH BW if only a limited set of distinct SRS transmission BWs is to be supported. 
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